Recent studies of yeast G1 DNA damage response have identified characteristic changes in chromatin adjacent to double-strand breaks (DSBs). Histone H2A (yeast H2AX) is rapidly phosphorylated on S129 by the kinase Tel1 (ATM) over a domain extending kilobases from the DSB. The adaptor protein Rad9 (53BP1) is recruited to this chromatin domain through binding of its tudor domains to histone H3 diMe-K79. Multisite phosphorylation of Rad9 by Mec1 (ATR) then activates the signaling kinase Rad53 (CHK2) to induce a delay in G1. Here, we report a previously undescribed role for Tel1 in G1 checkpoint response and show that H2A is the likely phosphorylation target, in a much as S129 mutation to Ala confers defects in G1 checkpoint arrest, Rad9 phosphorylation, and Rad53 activation. Importantly, Rad9 fails to bind chromatin adjacent to DSBs in H2A-S129A mutants. Previous work showed that H2A phosphorylation allows binding of NuA4, SWR, and INO80 chromatin remodeling complexes, perhaps exposing H3 diMe-K79. Yet, mutants lacking SWR or INO80 remain checkpoint competent, whereas loss of NuA4-dependent histone acetylation leads to G1 checkpoint persistence, suggesting that H2A phosphorylation promotes two independent events, rapid Rad9 recruitment to DSBs and subsequent remodeling by NuA4, SWR, and INO80.
F
ailure to repair even one DNA double-strand break (DSB) can be lethal. Surviving cells may display aneuploidy or other chromosome defects predisposing to cancer (1) (2) (3) . Eukaryotic cells remain poised to respond to DSBs at any point in the cell cycle. DNA damage checkpoint and repair factors are rapidly recruited to the break site to form characteristic DNA damage foci, leading to significant reorganization of chromatin structure (4, 5) . In metazoans, phosphorylation of the histone variant H2AX at a conserved carboxyl-terminal SQEL motif by the PIKK-related kinases ATM, ATR, and͞or DNA-PK (6, 7) is required for normal recruitment and͞or retention of signaling and repair factors such as MDC1, 53BP1, and NBS1 to DNA damage foci (8) (9) (10) . H2AX deficiency confers DNA damage sensitivity and genomic instability (11) (12) (13) (14) .
When yeast HO endonuclease is induced in G1, the Mre11͞ Rad50͞Xrs2 complex rapidly accumulates at the HO break site, followed by the ATM kinase paralog Tel1, which can then phosphorylate the yeast core histone H2A at S129 to form a chromatin domain extending up to 20 kb on either side of the break site (15) . S129 phosphorylation is necessary for binding of chromatin remodeling complexes and cohesins in asynchronous cells (16) (17) (18) (19) (20) . However, in as much as cohesins and partners for homologous exchange are absent before the onset of DNA replication, the function of H2A S129 phosphorylation in G1 remains obscure.
Activation of the DNA damage checkpoint in G1 results in rapid phosphorylation of the yeast 53BP1 ortholog and checkpoint adaptor protein Rad9 and subsequent binding and recruitment of the checkpoint effector kinase Rad53, which then transautophosphorylates and becomes active (21) (22) (23) (24) . Like 53BP1 (25) , recruitment of Rad9 to DSBs requires binding of paired tudor domains to histone H3 dimethylated on K79 by the histone methyltransferase Dot1 (22) . Importantly, cells lacking Dot1 or carrying a mutant allele of Rad9 defective in diMe-K79 binding still phosphorylate H2A normally but are G1 checkpoint-defective and fail to phosphorylate Rad9 or activate Rad53. Because Dot1-dependent H3 methylation is constitutive, the intriguing hypothesis is raised that Rad9 activation by DSBs in G1 may depend on other chromatin modifications, such as S129 phosphorylation and subsequent chromatin remodeling (5, 26) . Indeed, recent work in Schizosaccharomyces pombe demonstrated a requirement for H2A phosphorylation in both recruitment of the Rad9͞53BP1 ortholog Crb2 to DNA damage and G2͞M checkpoint maintenance (27) .
Phosphorylation of H2A at S129 also results in binding of Arp4 (actin related protein) to chromatin (19) . Because Arp4 is a member of the NuA4, SWR, and INO80 chromatin remodeling complexes (26) , the possibility is raised that phosphorylation of H2A could recruit chromatin remodelers that, in turn, regulate the activation of checkpoint signaling. Indeed, the NuA4 nucleosomal histone acetyl transferase (HAT) complex acetylates histone H4 and H2A amino-terminal tails (28) and is the first chromatin modifier recruited to a DSB after Tel1 phosphorylates H2A (19) . NuA4 binding to phospho-S129 results in H4 acetylation and subsequent recruitment of the SWR and INO80 complexes. The SWR chromatin remodeling complex catalyzes ATP-dependent exchange of histone H2A for the variant H2A.Z (29) (30) (31) , whereas the INO80 complex performs ATP-dependent histone octamer displacement and͞or facilitates resection to form ssDNA at DSBs (17, 18, 32, 33) . Mutations that decrease NuA4 activity, such as by deletion of the regulatory subunit Yng2, confer DNA damage sensitivity but enhance S phase checkpoint response (35) . Mutations in the SWR catalytic subunit SWR1 or INO80 regulatory subunit ARP8 also confer DNA damage sensitivity but no checkpoint defects. However, mutants lacking Arp8 do not form ssDNA normally at DSBs, which might attenuate checkpoint signaling (17) . Despite connections among H2A S129 phosphorylation, chromatin remodeling, and DNA damage sensitivity (17) (18) (19) and a role of H2A S129 dephosphorylation in G2͞M checkpoint recovery (34) , scant evidence supports a direct pathway linking S129 phosphorylation to assembly of checkpoint regulators through chromatin remodeling. Thus, we tested a direct role for chromatin remodelers in the G1 checkpoint response.
Here, we show that yeast mutants lacking H2A S129 phosphorylation display defects in G1 checkpoint response characterized by attenuated cell cycle delay, reduced Rad9 phosphorylation, decreased Rad53 kinase activation, and reduced recruitment of Rad9 to sites of damage. On the other hand, mutations inactivating the NuA4, SWR, and INO80 chromatin remodeling complexes, potential targets of phospho-S129, confer no such defects. Thus, phosphorylation of H2A initiates a checkpoint response through Rad9 recruitment independent of chromatin remodelers, whereas NuA4 histone acetyltransferase activity allows subsequent checkpoint exit and cell-cycle progression.
Results
In a screen of the yeast deletions to identify genes required for G1 arrest after ionizing radiation (IR) that identified both known and novel checkpoint regulators (22), we recovered the yeast ATM kinase Tel1. Tel1 is rapidly recruited to DSBs in G1 to phosphorylate H2A S129 (15) , although phospho-S129 has no described function in G1. To test H2A phosphorylation as a potential determinant of checkpoint response, we mutated S129 to Ala in each of the two identical H2A genes, HTA1 and HTA2, yielding the compound mutant H2A-S129A (19) . Confirming previous results (36, 37) , H2A-S129A conferred only subtle changes in survival after treatment of asynchronous cultures with IR. To specifically examine G1 checkpoint, MAT␣ haploid yeast cells carrying WT H2A or S129A were analyzed by a modified MAT␣ mating factor͞nocodazole (␣f͞noc) trap assay (22) that distinguishes arrest in G1 versus S phase. WT and H2A-S129A cells were arrested by incubation in ␣f peptide, treated with 300 Gy IR (Ͼ20 DSB͞haploid genome) or mock irradiated, and released from ␣f arrest. At 5-min intervals, aliquots were transferred to media containing both ␣f and noc and incubated for 90 min. Only bona fide G1 cells, which had not passed START, can be rearrested by ␣f, and the rest arrest in mitosis by 90 min. Phase microscopy allowed scoring of two populations of cells, shmoos and large-budded cells, corresponding to the G1 and S͞G2͞M fractions at the time point. The ␣f͞noc trap assay showed that H2A-S129A cells irradiated in G1 enter S phase significantly earlier than WT cells. By 25 min, Ͼ80% of WT cells, but Ͻ50% of H2A-S129A cells, could be rearrested by ␣f (Fig. 1A) .
Next, to determine whether Tel1 participated in the G1 checkpoint by H2A S129 phosphorylation, we analyzed WT, tel1⌬, H2A-S129A, and H2A-S129A tel1⌬ cells for increased DNA content by flow cytometry. In mock-irradiated controls, each left G1 with similar kinetics, entering S phase by 45 min. After 300-Gy IR and release, WT cells exhibited a persistent 1N G1͞S DNA peak for 75 min, whereas nearly all H2A-S129A and tel1⌬ cells progressed into S phase by 60 min (Fig. 1B) . That H2A-S129A tel1⌬ displayed similar checkpoint defects to H2A-S129A or tel1⌬ in both flow cytometry (Fig. 1B ) and the ␣f͞noc trap assay (Fig. 4A , which is published as supporting information on the PNAS web site) suggests genetic epistasis, consistent with Tel1 phosphorylating H2A S129 to activate the G1 checkpoint. In as much as ␣f͞noc trap analysis revealed that mec1⌬ confers a markedly attenuated G1 delay (Fig. 4B ), Mec1 function in the G1 checkpoint may be parallel to or downstream of Tel1 and H2A phosphorylation.
Given the partial loss of G1 checkpoint response to IR in the H2A-S129A mutant, we reexamined the role of H2A S129 phosphorylation in the S phase and G2͞M checkpoints. When H2A-S129A cells were released from ␣f arrest into media containing the DNA alkylator methyl methane sulfonate (MMS), consistent with findings of a prior study (37) , they progressed through S phase with kinetics comparable with WT cells. Yet, when H2A-S129A was preincubated with MMS for 30 min before ␣f release (35), S phase progression was faster in H2A-S129A than in WT controls (Fig. 1C) . Taken together, these data suggest a minor role for H2A phosphorylation in the intra-S phase checkpoint. Next, we examined the integrity of G2͞M DNA damage checkpoint response in the H2A-S129A mutant. Cells were arrested in metaphase with noc, irradiated with 300 Gy, and released into fresh media. We counted the number of binucleate large-budded cells to monitor G2͞M progression. Both WT and H2A-S129A cells remained arrested at G2͞M after IR (Fig. 4C) , consistent with prior results (38) .
Rad9 and Rad53 Functions Depend on H2A Phosphorylation in G1.
H2A(X) phosphorylation is critical for retention of the Rad9 ortholog 53BP1 at DNA damage foci in metazoans and Crb2 function in fission yeast (27, 39) . To examine Rad9, we used Western blot analysis to follow phosphorylation of Rad9-13Myc after irradiation ( Fig. 2A Upper) . Within 15 min after 300-Gy IR of WT cells held in G1 by ␣f arrest, Rad9-13Myc displayed the characteristic mobility shift of DNA damage-induced multisite phosphorylation. In H2A-S129A cells, Rad9 phosphorylation appeared substantially decreased; the distinct band correspond- 
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Wild type, 300 Gy H2A-S129A, 0 Gy H2A-S129A, 300 Gy Fig. 1 . H2A S129 phosphorylation is required for G1 and S phase checkpoint delays. (A) Arrest defect in H2A-S129A after DNA damage in G1. ␣f-arrested cells were irradiated with 300 Gy, released into fresh media, removed at 5-min intervals, mixed with ␣f͞noc trapping media, and incubated for an additional 90 min. The percentage of G1 cells was assayed by counting buds under phase microscopy. (B) tel1⌬, H2A-S129A and tel1⌬ H2A-S129A share a G1 checkpoint defect. After ␣f arrest and 300 Gy IR, cells were released into fresh media, removed at 15-min intervals, and analyzed by flow cytometry. (C) Intra-S phase checkpoint defect in H2A-S129A cells. ␣f-arrested cells were treated with 0.03% methyl methane sulfonate for 30 min before release into fresh media and analyzed as in B.
ing to hyperphosphorylated Rad9 was no longer observed at either 15 or 30 min. In contrast, G2͞M-arrested WT and H2A-S129A cells displayed equivalent Rad9 phosphorylation after 300-Gy IR ( Fig. 2 A Lower) . These results are consistent with the G1 checkpoint defect versus the G2͞M checkpoint competence observed in H2A-S129A cells. Phosphorylation of Rad9 after DNA damage is required for transautophosphorylation and activation of Rad53 (21, 24) . We performed ␥-[ 32 ]ATP autophosphosphorylation kinase assays on Rad53-13Myc immunoprecipitated from irradiated WT and H2A-S129A cells (Fig. 2B) . Western blot analysis revealed a mobility shift of Rad53 by 15 min in both WT and H2A-S129A immunoprecipitates. However, Rad53 autophosphorylation at both 15 and 30 min was decreased in the H2A-S129A mutant, consistent with the lower levels of Rad9 phosphorylation. Expression of a Ddc2-Rad53 fusion protein has been shown to restore S phase checkpoint response in the absence of Rad9 (40), presumably by directly recruiting Rad53 to RPA͞ssDNA at collapsed replication forks. However, neither episomal RAD53 nor DDC2-RAD53 could suppress the checkpoint defect of H2A-S129A cells or rad9⌬ after G1 irradiation (data not shown).
One explanation for the observed defects in Rad9 and Rad53 activation would be that H2A S129 phosphorylation served an accessory, independent role to H3 diMe-K79 in recruiting Rad9 to sites of DNA damage during G1 (22, 25) . Thus, we performed ChIP of Rad9-3HA in WT, dot1⌬, H2A-S129* (truncated at S129) (36) , and H2A-S129* dot1⌬ double-mutant strains in which GAL1,10:HO was induced during G1 arrest, forming an unrepairable (because of deletion of HML and HMR) DSB at the mating-type locus. As shown in ref. 22 , WT cells exhibited Ͼ94% HO cutting by 45 min of galactose induction (data not shown) and accumulated Rad9-HA at the HO site as well as 1.5 kb and 10 kb away, whereas dot1⌬ controls displayed little or no Rad9 recruitment (Fig. 2C) . Significantly, H2A-S129* and H2A-S129* dot1⌬ also conferred a complete defect in Rad9 recruitment. Yet, after irradiation, H2A-S129* displayed the same checkpoint defect as H2A-S129A. By contrast, H2A-S129* dot1⌬ progressed into S phase without delay (Fig. 5A , which is published as supporting information on the PNAS web site). These data might appear to uncouple Rad9 activation from Rad9 chromatin recruitment. However, unlike bona fide DNA damage induced by IR or radiomimetic agents, the single DSB formed at the HO site is likely below the critical damage threshold to activate G1 checkpoint signaling. Thus, we repeated the ChIP analysis with or without incubating cells in 25 g͞ml phleomycin (Fig. 5 B and  C) , a dose that induces a G1 checkpoint response completely dependent on Dot1. Phleomycin increased background Rad9 chromatin association at all loci in each strain but did not restore Rad9 occupancy at the HO break in dot1⌬ or H2A-S129* mutants. We conclude that Dot1 and H2A phospho-S129-mediated recruitment of Rad9 to DSBs is critical for full G1 checkpoint response.
Persistent G1 Checkpoint Response in Chromatin Remodeling Mutants. The NuA4, SWR, and INO80 chromatin remodeling complexes associate with DSB regions via a direct molecular interaction between their common subunit Arp4 with H2A phospho-S129 (19) . An attractive model is that chromatin remodeling may expose methylated histone H3 K79 and allow Rad9 accumulation at DSBs by binding to diMe-K79 (26) . If so, defects in INO80, SWR, or NuA4 chromatin remodelers should result in loss of G1 checkpoint response. To explore a potential role for H2A phospho-S129-dependent chromatin remodeling in G1 checkpoint regulation, we used the ␣f͞noc trap to assay mutations that specifically antagonize the activity of the INO80, SWR, or NuA4 complexes (Fig. 3) . Mutation of ARP8 disrupts the INO80 complex and blocks Ino80-dependent chromatin remodeling (32) , whereas deletion of the SWR1 catalytic subunit eliminates all SWR activity (29) (30) (31) . Arguing against critical functions for INO80 or SWR in G1 checkpoint response, arp8⌬ and swr1⌬ displayed intact G1 checkpoint delays (Fig. 3A) . Despite a role for INO80 in DSB resection (17) , arp8⌬ also displayed normal Rad9 activation (data not shown).
Having eliminated a possible role for INO80 or SWR in the G1 checkpoint, we tested a role for the NuA4 complex. Esa1, the catalytic subunit of NuA4, is an essential gene. Cells deleted for the NuA4 regulatory subunit Yng2 are nonviable at 37°C but grow at 30°C despite markedly decreased histone H4 acetylation (35, 41, 42) . However, yng2⌬ did not show an attenuated G1 checkpoint but, instead, a significantly enhanced G1 delay, dependent on both DNA damage and Rad9 (Fig. 3B) . One possible explanation for the enhanced G1 checkpoint delay seen Fig. 2 . G1-specific loss of Rad9 phosphorylation and recruitment and Rad53 activity in H2A-S129A cells. (A) WT and H2A-S129A strains expressing Rad9 -13Myc were synchronized in either G1 with ␣f (Upper) or G2͞M with noc (Lower) and irradiated and arrest maintained for the duration of the experiment. Aliquots were subjected to Western blot analysis to detect the mobility shift of Rad9. (B) WT and H2A-S129A strains expressing Rad53-13Myc were synchronized in G1 with ␣f and irradiated and arrest maintained for the duration of the experiment. Immunoprecipitates (Upper) were analyzed by Western blotting, and kinase assays (Lower) were analyzed by PhosphorImager analysis. (C) Loss of Rad9-HA recruitment to an HO-induced DSB in G1 in H2A S129 mutant. WT, dot1⌬, H2A-S129*, and H2A-S129* dot1⌬ cells carrying Rad9-HA were synchronized in G1 with ␣f and incubated in galactose for 45 min to induce HO. Chromatin immunoprecipitation was used to determine Rad9-HA occupancy 60 bp (HO site), 1.5 kb (HO ϩ 1.5 kb), and 10 kb (HO ϩ 10 kb) from the HO-cutting site and at a large intergenic region on chromosome V (control). Occupancy (IP͞input) is shown as ratio of IP to input PCR signals after galactose induction, with background subtraction using an anti-Myc control antibody. Glucose controls showed no change over background levels (data not shown). IP, immunoprecipitate.
in yng2⌬ was that NuA4 activity may promote DNA repair through nonhomologous end-joining (43), thus allowing checkpoint exit. However, even a complete block in end-joining due to deletion of the DNL4 DNA ligase IV (44) conferred no change in checkpoint kinetics in the ␣f͞noc trap assay (Fig. 6A , which is published as supporting information on the PNAS web site). Nonetheless, NuA4 might still play a critical role at the DSB. The yng2⌬ mutation leads to loss of both global and targeted NuA4 activity, but epl1-380, a partial-loss-of-function mutation in Epl1 that separates NuA4's histone acetyltransferase enzymatic core (piccolo NuA4, Esa1-Epl1-Yng2) from the rest of the complex, disables targeted NuA4 function but permits global nucleosomal acetylation (45) . Because epl1-380 mutant cells recover from arrest similarly to WT cells (Fig. 6B) , we infer that global acetylation is sufficient and that NuA4 recruitment does not link H2A phosphorylation to Rad9 activation.
A remaining possibility was that the INO80, SWR, and NuA4 complexes serve redundant roles critical for G1 checkpoint response and that loss of recruitment of all three complexes through mutation of ARP4 would lead to checkpoint defects. Prior work has shown that arp4-12, a temperature-sensitive mutation in the shared phospho-S129-binding subunit Arp4, blocks recruitment of the Arp4-dependent chromatin remodeling complexes to H2A phospho-S129, even at permissive temperature (19) . If H2A phospho-S129-dependent recruitment of chromatin remodeling were critical for Rad9 function, arp4-12 should phenocopy the H2A-S129A checkpoint defects. However, like yng2⌬, arp4-12 exhibited a prolonged G1 checkpoint similarly dependent on DNA damage and rad9⌬ (Fig. 3C) . To summarize, because we detect no loss of checkpoint response in mutants lacking chromatin remodeling activities, we can infer that H2A phosphorylation promotes Rad9 recruitment to DSBs independently of chromatin remodeling. The extended arrest of yng2⌬ and arp4-12 mutants remains enigmatic, particularly given the lack of phenotype in the NHEJ mutant, dnl4⌬. Perhaps normal H2A and͞or H4 acetylation decreases Rad9 affinity to damaged chromatin and, thereby, attenuates checkpoint signaling. Taken together, these data suggest that DSB repair is not critical for G1 checkpoint response or recovery and that, if chromatin remodeling has a role at DSBs in G1, it is antagonistic to Rad9 signaling and DNA damage checkpoint response.
Discussion
Stimulated by discovery of a role for the histone H2A S129 kinase Tel1 in G1 DNA damage checkpoint arrest, we evaluated S129 phosphorylation as a critical target. Although prior work in Saccharomyces cerevisiae has established functions for H2A phospho-S129 in postreplicative DNA repair through recruitment of cohesins (16, 20) and chromatin remodeling complexes (17) (18) (19) , no such role has been defined in DNA damage checkpoint response (15, 37) . Studying G2͞M checkpoint response, Lowndes and colleagues (46) recently found that H2A S129 phosphorylation and H3 K79 dimethylation contribute to Rad9 recruitment to chromatin but do not influence Rad9 or Rad53 phosphorylation. In contrast, using nonphosphorylatable H2A mutants, we found a requirement for phospho-S129 in DNA damage checkpoint response in G1 and S but not G2͞M. Confronted by DNA damage in G1, cells bearing H2A-S129A fail to fully activate Rad9 or Rad53, leave G1 early, and progress through S phase considerably faster than WT. That tel1⌬, H2A-S129A, and tel1⌬ H2A-S129A display equivalent defects is consistent with a requirement for Tel1-dependent H2A S129 phosphorylation in G1 checkpoint activation.
WT cells responding to a single DSB formed in G1 by expression of HO endonuclease display a Tel1-dependent phospho-H2A chromatin domain extending 20 kb from the DSB (15). In turn, direct binding to histone H3, constitutively dimethylated at K79 by Dot1 methyltransferase, mediates Rad9 recruitment to a chromatin domain extending at least 10 kb from the DSB (22) . Rad9 binding to H3 diMe-K79 is absolutely required for phosphorylation and activation of Rad9 and Rad53 in G1 and for DNA damage checkpoint delays in G1 exit and S phase progression. Here, we find that nonphosphorylatable H2A mutants also fail to recruit Rad9 to HO breaks, even though they display partial Rad9 and Rad53 activation and attenuated checkpoint response. To reconcile these results, we propose that H3 diMe-K79 is sufficient for Rad9 to bind transiently at the DSB, where it can undergo hypophosphorylation, enough to partially activate the checkpoint. However, as with H2AX and 53BP1 in metazoans (39), Tel1 phosphorylation of H2A allows Rad9 retention at the DNA damage site, promoting Rad9 hyperphosphorylation and Rad53 (CHK2) transautophosphorylation, mediated by the Ddc2͞Mec1 (ATRIP͞ATR) complex (Fig. 7 Right, which is published as supporting information on the PNAS web site). Rapid activation of Rad53 may be necessary to slow the accumulation of Cln G1 cyclins and activation of Cdc28 cyclindependent kinase (23, 47) in time to delay G1͞S progression. That G1 cells can so promptly sense DNA damage and initiate checkpoint delay points to a concerted mechanism for fully activating the key signal amplifiers Rad9 and Rad53. These requirements are well-matched to the kinetics of H2A phosphorylation at DSBs. Like Rad9, association of 53BP1 with chromatin at DNA damage sites requires binding of conserved tudor domains to histone H3 diMe-K79 (22, 25) , but a secondary role for phospho-H2AX in 53BP1 retention has also been defined (39) . Our data argue against the model that H2A phosphorylation promotes chromatin remodeling at DSBs to expose H3 diMe-K79 and thus direct Rad9 recruitment to damage sites (26) . Mutations in critical components of the SWR and INO80 complexes did not affect G1͞S checkpoint response. However, loss of NuA4 activity prolonged DNA damage-dependent G1 delay, consistent with our prior observation of enhanced intraS phase checkpoint response in these mutants (35) . The key role of NuA4 in G1 is unlikely to be in DSB repair, because preventing nonhomologous end-joining had no effect on G1 checkpoint kinetics. Instead, the prolonged G1 arrest may reflect enhanced DNA damage signaling, slowed recovery, and͞or defective adaptation. If NuA4 binding to H2A phospho-S129 has a role in G1, it may be to down-regulate the checkpoint signal. We note that, in the nucleosome crystal structure (48), the H4 amino-terminal tail, a NuA4 substrate, is adjacent to H3 K79, the binding site for the Rad9 tudor domains. Phospho-H2A may rapidly recruit Rad9 to the DNA damage site to form signaling complexes but also recruit NuA4, which, perhaps by acetylation of H4 tails, may displace bound Rad9 tudor domains from H3 diMe-K79 (Fig. 7 Left). That NuA4 recruitment to a G1 HO break is enhanced when DOT1 is deleted (O.J.-R., S. Allard, and J.C., unpublished work) provides further support for an antagonistic relationship between recruitment of Rad9 versus NuA4 in G1 cells.
Recently, dephosphorylation of H2A has been given a previously uncharacterized role in G2͞M DNA damage checkpoint recovery (34) . Before yeast cells can resume cell-cycle progression, phospho-H2A must be removed from chromatin, likely by the SWR or INO80 complexes (33, 34) , and then dephosphorylated. However, G1 checkpoint persistence in NuA4 mutants almost certainly reflects an independent mechanism, because it is suppressed by NuA4 mutants lacking phospho-H2A targeting. The distinct genetics of G1͞S checkpoint persistence and G2͞M checkpoint recovery may derive from differences in DNA damage processing that reflect divergent preference for repair by end-joining (G1͞S) versus recombination (G2͞M). This work places chromatin at the center of G1 checkpoint regulation and gives genetic separation of function between cell-cycle arrest and DNA repair.
Our data lend mechanistic support to the emerging understanding of DNA damage foci as chromatin-level signaling domains. The epigenetic mark provided by H2A or H2AX phosphorylation may be critical for rapid amplification of DNA damage signals, catalyzing the recruitment, assembly, and interaction of checkpoint signaling regulators and effectors around each DSB. In turn, the pathway from H2AX phosphorylation to checkpoint activation offers rational targets to mitigate or enhance the biological effects of DNA damage.
Materials and Methods
Yeast Strains and Methods. Yeast strains (Table 1 , which is published as supporting information on the PNAS web site) were constructed in the W303 background unless otherwise noted. Gene deletions and epitope tagging were performed by one-step PCR-based gene modification (49) . QY375 was constructed by crossing hta1S129* hta2S129* (38) with JKM179 (50), followed by epitope-tagging the Rad9 C terminus with HA (50) . pRAD53F [pR316-RAD53-3xFLAG] and pD2-R53F [pRS316-DDC2-RAD53-3xFLAG] plasmids (40) were kindly provided by David Stern (Yale University, New Haven, CT). epl1⌬ [EPL1-LEU2] and epl1⌬ [epl1-380-LEU2] are in the S288C background (45) . Cell cycle synchronization, DNA damage, flow-cytometry analysis, and microscopy were as described (23, 51) .
Blotting and Immunoprecipitation Analysis. For analysis of mobility shifts of epitope-tagged Rad9 and Rad53, Western blots were performed as described by using rabbit polyclonal anti-Myc A14 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) (23) . For the Rad53 kinase assay, after glass bead disruption, Rad53 immunoprecipitation and kinase assays were performed essentially as described (52) . Phosphorylated proteins were detected by autoradiography using a PhosphorImager (GE Healthcare, Buckinghamshire, U.K.). ChIP assays were performed as described (22) in the JKM179 background, kindly provided by James Haber (Brandeis University, Waltham, MA) with integrated GAL1,10:HO cassette and deleted HMR͞HML loci. Results are shown as percent anti-HA immunoprecipitated after subtracting background measured with a control anti-Myc antibody.
